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Apostolos P. Georgopoulos

Mental maze solving: directional fMRI tuning and population coding
in the superior parietal lobule

Received: 10 September 2004 / Accepted: 1 February 2005 / Published online: 7 June 2005
 Springer-Verlag 2005

Abstract The superior parietal lobule (SPL) of six human subjects was imaged at 4 T during mental traversing of a directed maze path. Here we demonstrate the
orderly involvement of the SPL in this function, as follows. Forty-two percent of the voxels were tuned with
respect to the direction of the maze path. This suggests a
coherent tuning of local neuronal populations contributing to the change of the single-voxel BOLD signal.
Preferred directions ranged throughout the directional
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Center for Magnetic Resonance Research,
University of Minnesota, Minneapolis, MN 55455, USA
E. Auerbach Æ K. Uğurbil
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continuum of 360. Voxels with similar preferred directions tended to cluster together: on average there were
seven same-direction clusters per slice, with an average
cluster membership of ﬁve voxels/cluster and an average
nearest-neighbor same-direction intercluster distance of
13.1 mm. On the other hand, the average nearestneighbor intercluster distance between a given direction
and all other directions was 3.1 mm. This suggests a
patchy arrangement such that patches of directionally
tuned voxels, containing voxels with diﬀerent preferred
directions, alternate with patches of non-tuned voxels.
Finally, the population vector predicted accurately the
direction of the maze path (with an error of 12.7), and
provided good estimates (with an error of 29) when
calculated within parts of the SPL. Altogether, these
ﬁndings document a new, orderly functional organization of the SPL with respect to mental tracing.
Keywords Superior parietal lobule Æ fMRI
Directional tuning Æ Spatial cognition Æ Mental tracing

Introduction
The parietal cortex is involved in various visuospatial
and visuoconstructive functions, including mental rotation (Cohen et al. 1996; Tagaris et al. 1996, 1997, 1998;
Alivisatos and Petrides 1997; Harris et al. 2000; Bestmann et al. 2002; Harris and Miniussi 2003), route following (Angelini et al. 1992), copying (Benton 1967),
and object construction (Benton 1967), as evidenced by
the kinds of deﬁcits of people with parietal damage
(Benton 1967; Angelini et al. 1992) and by the results of
studies of parietal function in healthy people using
functional neuroimaging methods (Cohen et al. 1996;
Tagaris et al. 1996, 1997, 1998; Alivisatos and Petrides
1997; Harris et al. 2000) or transcranial magnetic stimulation (Bestmann et al. 2002; Harris and Miniussi
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2003). However, little is known about the functional
representation of visuospatial information in the parietal
cortex. In this work, we investigated the representation
of the direction of mental tracing of a spatial path in the
superior parietal lobule (SPL).

Materials and methods
Subjects
Six healthy, right-handed human subjects [two women
and four men, age (mean ±SD) 24.8±4.9 years] participated in these experiments as paid volunteers. The
study protocol was approved by the University of
Minnesota Institutional Review Board and informed
consent was obtained before the study.
Stimuli and tasks
The maze was composed of white lines on a black
background and subtended 5·5 of visual angle. It
contained a central start box and a straight path
extending outwards from the start box in one of eight
radial directions (Fig. 1). This path either extended to
the perimeter of the maze or terminated one path width
from the perimeter of the maze. Maze fragments in the
remaining interior area of the maze were randomly
generated. Because there was a gap in the perimeter of
the maze for an exit path, two more such gaps (for a
total of three) were added at random locations in the
perimeter to ensure that the subjects could not solve the
maze on the basis of the presence of a gap. For no-exit
mazes, three gaps were randomly added to the maze
perimeter to keep the number of gaps constant for exit
Fig. 1 Representative mazes.
The directions of the maze path
are shown in the middle. The
control grid is also shown

and no-exit mazes. Stimuli were presented as blocks of
trials of 48 s total duration.
There were two kinds of task, in blocks, namely a
control task followed by a maze task (Fig. 1). In both
tasks, stimuli lasted for 300 ms and were presented every
2 s, for a total of 24 trials per block. This short presentation was intended to minimize the period of visual
stimulation and potential eye movements. In the control
task, only the grid stimulus was presented, and the
subjects pushed a left or right button at random. In the
maze task, maze stimuli were shown and the subjects
had to indicate the exit status (present or absent) of the
maze by pushing the right or left button, respectively.
Mazes with diﬀerent main path directions were presented in a randomized block design (one direction per
block), always preceded by the control task block. Each
maze block comprised equal proportions of exit and noexit mazes in a random order. Subjects were instructed
to ﬁxate a central spot throughout the experiment. We
have shown previously (Chafee et al. 2002) that this task
can be performed with eyes ﬁxated. The eyes of the
subjects were monitored using a video camera; no
obvious eye movements were observed. Subjects performed at 93%, or better, correct for both exit and noexit mazes.
Imaging methods
A 4 T whole-body system (90-cm bore) with head gradients and a homogeneous radio-frequency coil [Oxford
(Oxford, UK)/Varian (Palo Alto, CA, USA)/Siemens
(Erlangen, Germany)] was used. A head-support system
with foam pads was used to minimize head movements
during the experiment. Multi-slice axial, sagittal, and
coronal anatomic images (T1-weighted) were obtained
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from the whole brain using an inversion-recovery (IR)
TurboFLASH sequence (TI=1.2 s, TE=4.4 ms,
TR=8.8 ms, matrix=128·128, FOV=20 cm·20 cm,
in-plane resolution: 1.56 mm·1.56 mm, slice thickness=5 mm, NEX=4). These images were used for
anatomic localization of the activated voxels and to
select the appropriate volume for functional imaging.
The sagittal images were used to select the appropriate
oblique plane for imaging of the SPL (Fig. 2). This plane
was selected using the superior extension of the parietal–
occipital sulcus and the marginal ramus of the cingulate
sulcus as landmarks. We then obtained ﬁve contiguous
oblique slices using the IR TurboFLASH sequence
(slice thickness=3 mm) to conﬁrm an imaging volume
centered on the surface of the SPL, bilaterally, and
extending inferiorly with the following borders: anterior–precentral gyrus, posterior–lateral extension of
the parietal–occipital sulcus, lateral–inferior parietal
lobule. We then obtained T2* weighted functional
images of the same volume using four segment EPI
(TE=25 ms, 4 segments w/navigator, matrix=128·128,
FOV=20·20 cm, slice thickness=3 mm, ﬁve oblique
slices). The TR was 750 ms and the time between volumes was 750 ms·4 segments=3 s. Five images (not
used for any analyses) were acquired for stabilization of
longitudinal magnetization, followed by 32 volumes for
each control+maze task block (16 for control and 16 for
task sub-blocks) resulting in a task-related acquisition
time of 96 s. The acquisition was repeated for each of
the eight maze directions. The fMRI analysis package
Stimulate (version 5.8.1, Center for Magnetic Resonance
Research, University of Minnesota Medical School,
Minneapolis, MN, USA) was used to process the fMRI
images. Images were screened for motion artifacts
by measuring variation in the center of mass of
functional images over the entire time course. This
measurement was performed separately for the X, Y,

Fig. 2 Location of the ﬁve imaging planes in the SPL

and Z coordinates. Subject motion was further assessed
by forming a cine loop of the images. Both measurements were performed using the fMRI analysis program
Stimulate, above.
Data analysis
General
The SPL was deﬁned anteriorly by the postcentral sulcus,
posteriorly by the lateral extension on the parietal–
occipital sulcus, laterally by the medial edge of the intraparietal sulcus, and medially by the interhemispheric
ﬁssure. All analyses were performed on individual voxels
located within the SPL. The BMDP/Dynamic statistical
package (BMDP Statistical Software, Los Angeles, CA,
USA; 1992), the SPSS 10.1 statistical package for
Windows (SPSS, Chicago, IL, USA; 2000), and ad-hoc
programs were used to implement the various analyses.
Data were detrended using a sliding regression algorithm
to take out low-frequency noise (Marchini and Ripley
2000); an example is shown in Fig. 3.
For each voxel-task and control block, time series of
16 data points were available; of these, the ﬁrst two were
rejected to enable stabilization of the hemodynamic response. The average BOLD value of the corresponding
control block was subtracted from each of the 14 values
of the task block and the data subjected to a repeated
measures analysis of variance (ANOVA) (Snedecor and
Cochran 1989) in which the sequential image number
was a within-factor and the maze-path direction was a
between-factor. This analysis assessed whether there was
a statistically signiﬁcant eﬀect of maze-path direction
(P<0.05). Next, a multiple linear regression was performed on those voxels which showed a signiﬁcant directional eﬀect in the ANOVA, using the preprocessed
BOLD data as the dependent variable and the x–y
components of the maze-path direction as the independent variables. A statistically signiﬁcant eﬀect (P<0.05)
indicated the presence of directional tuning, and the
preferred direction was calculated (Georgopoulos et al.
1982). For some analyses, the preferred directions were
binned in eight bins using the four cardinal directions
and the main diagonals as centers of the bins and a bin
width of±22.5.
Previous work in 4 T has indicated that the BOLD
responses are likely to be multiplicative in nature
(Georgopoulos et al. 2001; Lewis et al. 2002, 2003). This
ﬁnding suggests that the data might need to be logtransformed to revert to additivity. We repeated all the
analyses above (and those below) after log-transforming
the data. We found that the results were almost identical, most probably because the eﬀects observed were
strong and robust, so the increase in sensitivity oﬀered
by the logarithmic transformation was not a major
factor. However, had the results been marginal, it is
likely this transformation would have made a substantial
diﬀerence.
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Fig. 3 Example of a raw (blue) and detrended (red) single-voxel
time course. The ordinate is strength of the BOLD signal (arbitrary
units). Intervals separated by green vertical lines denote a
control+task (maze) block; control (C) and task (maze) (T) subblocks are separated by a light grey line. Each sub-block consists of
16 images. The direction of the maze path is indicated by arrows.
Notice the removal of linear trends at the beginning and near the
end of the time course without aﬀecting the ﬁne within-block
variation in the BOLD signal

Permutation analysis
In the analyses above, many tests (ANOVAs and
regressions) were carried out, because each was performed on data from each voxel. It is, therefore, possible
that the percentage of directionally tuned voxels thus
identiﬁed might be inﬂated. We evaluated this problem
by performing a permutation analysis, as follows. For
each voxel, the complete data set included 256 detrended
time-course BOLD values (8 maze-path directions·16
images per block·2 tasks). Let k be the total number of
voxels in a subject-hemisphere-slice; this yields a total of
256 k BOLD values. These values were randomly permuted and all the statistical analyses were performed in
a manner identical with that used for the original,
non-permuted data. This was done for each subjecthemisphere-slice, and the overall percentage (across all
subjects) of directionally tuned voxels (i.e. with a
statistically signiﬁcant eﬀect on both the ANOVA and
the regression) was calculated in 1 million permutations.
We wanted to determine the number of times that the
percentage of directionally tuned voxels observed in the
original data (42%) was obtained (or exceeded) in
the permuted data.
Clustering analysis
Initial inspection of plots of the binned preferred directions in hemisphere-slices revealed there was substantial
partial overlap, although voxels with speciﬁc preferred
directions tended to cluster. To evaluate this quantitatively, we ﬁrst excluded spatial outliers based on the
following criterion. In a given hemisphere-slice, we calculated the pairwise distances between all directionally
tuned voxels with preferred direction in a certain bin; we

excluded from the clustering analysis voxels which were
>7.8125 mm away from all other voxels. This value
corresponds to ﬁve voxels (each voxel was 1.5625 mm
square in-plane). Although this criterion is, at face value,
somewhat arbitrary, it was eﬀective at excluding outliers,
as judged by visual inspection of directional voxel plots.
Next, we quantiﬁed the clustering by performing an
overlapping non-hierarchical clustering analysis (Corter
1996) using a K-means clustering algorithm (Aldenderfer and Blashﬁeld 1984). This analysis partitions iteratively a set of cases (in our application, directionally
tuned voxels in a hemisphere-slice). At the end of the run
each case belongs to the cluster whose center is closest in
Euclidean distance to the case. (The center of a cluster is
deﬁned as the mean of the cases in the cluster.) Data
were analyzed on a hemisphere-slice basis (per subject
and per binned direction), as follows. First, data points
were plotted to obtain an initial estimate of the number
of clusters. This number was speciﬁed in the KM-Means
BMDP program and data points standardized according
to the within-cluster covariance. The program yielded
voxel membership shown in plots of the clusters identiﬁed. In addition, cluster statistics were given, namely:
1 the number of voxels in a cluster, their x–y means and
standard deviations, and
2 an ANOVA table showing the mean squares of between-cluster and within-cluster x–y variation, and
the corresponding values of the F-statistic and its
signiﬁcance values.
The ﬁnal number of clusters was arrived at by
inspecting the cluster plot, to ensure there was no
obvious cluster overlap, and requiring a signiﬁcance level of the between/within F-statistic of P<0.001 in the
x- or y-dimension. Clusters with two or more voxels
were included in further analyses.
A major quantitative objective of this analysis was to
derive estimates of the distances between nearest neighbor clusters of the same direction. For that purpose, we
calculated the average minimum distance between
same-direction clusters for each direction and each
hemisphere-slice. The same measure was also computed
between a given direction and all other directions.
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Population vector analysis
The population vector was calculated from ensembles of
directionally tuned voxels, as follows.
1 For each directionally tuned voxel, i, the average
BOLD intensity during the control task, ci, was calculated.
2 Similarly, the average BOLD intensity mij was calculated for each direction j of the maze task (n=8
directions).
3 For a given direction, each voxel made a vectorial
contribution in the direction of the voxel’s preferred
direction and of magnitude wij equal to the change in
BOLD intensity from the control task: wij=mijci.
4 The P
population vector P for the jth direction is
Pj ¼ k1 wij Vi ; where Vi is the preferred direction of
the ith voxel.

Results
Directional tuning
Of 41,530 total voxels contained within the SPL (n=6
subjects), 34,227 (82.4%) showed a signiﬁcant directional eﬀect in an ANOVA; of those, 17,589/34,227
(51.4%) were directionally tuned. An example of a
directionally tuned voxel is shown in Figs. 4 and 5.
With respect to the whole voxel population, 17,589/
41,530=42.4% voxels were directionally tuned. In the
permutation analysis (see ‘‘Materials and methods’’),
not even once was this percentage achieved or exceeded
in 1 million permutations. Therefore, the probability
that the observed value is because of chance is P<106.
With respect to the two hemispheres, the results were
very similar: the percentage of voxels with a signiﬁcant
ANOVA was 16,334/19,259 (84.8%) and 17,893/22,271
(80.3%), for the left and right hemispheres, respectively,
and that with signiﬁcant directional tuning was 8,446/
16,334 (51.7%) and 9,143/17,893 (51.1%).
To determine the general form of the tuning curve, all
tuning curves were standardized with respect to their
Fig. 4 Example of a detrended,
directionally tuned, single-voxel
time course. Conventions as in
Fig. 3. maze-path directions
have been re-ordered in an
orderly sequence, from 0 (3
o’clock) counterclockwise.
Notice the clear activation at
135 and 180

range, aligned to their maximum and averaged across
voxels. The result was a population directional tuning
curve, shown in Fig. 6. It can be seen that the directional
tuning was prominent, because the activation dropped
to approximately one-half of the maximum at±45
away from it. Finally, preferred maze-path directions
ranged throughout the directional continuum. Their
circular distributions, for the left and right hemispheres,
are shown in Fig. 7 as circular histograms (Mardia
1972). For both hemispheres, there was an overall
downward bias and a slight contralateral bias with respect to upward directions.
Clustering
Similar preferred directions tended to cluster. In a
nearest neighbor analysis (Figs. 8 and 9), we calculated
the minimum distance between each voxel and the voxel
with a reference preferred direction in the range
d±22.5. Color-coded maps of these minimum distances
are shown in Figs. 8 and 9 for two ranges of d centered
on opposite directions. It can be seen that:
1 voxels with similar preferred directions tended to
cluster,
2 preferred directions were represented repeatedly, and
3 voxels with approximately opposite preferred directions tended to occupy complementary spaces in the
SPL.
In a diﬀerent analysis (K-means clustering), we
identiﬁed clusters consisting of voxels with the same
(binned) preferred direction. The spatial distribution of
voxel clusters in two opposite directions in a slice is
shown in Fig. 10. Typically, multiple clusters were
identiﬁed in a given slice (Fig. 11). On average (±SEM)
there were 7±0.2 same-direction clusters per slice containing 5.45±0.06 voxels per cluster (N=2,884). The
average minimum distance between the x and y centers
of same-direction (nearest neighbor) clusters per hemisphere-slice was 13.1±0.4 mm (N=441). Finally, the
minimum distance between the x and y center of a
certain directional cluster and those of all other
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signiﬁcantly from zero. These results show that the
population vector is an excellent and unbiased estimator of the maze-path direction. Remarkably, the
population vector was found to be an excellent predictor of maze-path direction even when calculated
from small, spatially adjacent, directionally tuned
voxels (Fig. 13). The data illustrated in Fig. 13 indicate
that 150 voxels are suﬃcient to reach a plateau at an
absolute angular error of 31, which is 18 higher
than that calculated from the whole ensemble of 17,589
directionally tuned voxels (12.7). This ﬁnding emphasizes the substantial partial overlap of the various
preferred directions.

Discussion
Fig. 5 Directional tuning curve of the data shown in Fig. 4 for a
single voxel. Data points are mean±SEM, N=14 images (see text)
from a single voxel

directions was 3.1±0.06 mm (N=1594). All of these
measurements and relations were very similar in the two
hemispheres, as were the relative location of clusters.
Population vector
The neuronal population vector, calculated from the
whole ensemble of 17,589 directionally tuned voxels,
predicted very well the direction of the maze path
(Fig. 12). The average absolute angular error in predicting the maze-path direction was 12.72±3.41. The
correlation coeﬃcient in the linear ﬁt shown in Fig. 12
was r=0.99 (P<0.0001); the slope did not diﬀer
signiﬁcantly from 1, and the intercept did not diﬀer

Fig. 6 Standardized population tuning curve (see text) for voxels
and cells. The cell tuning curve is from Fig. 6 in Crowe et al. (2004)

These results demonstrate, for the ﬁrst time, the directional tuning of SPL voxels with respect to maze-path
direction. This ﬁnding is in accordance with the discovery of directional tuning to maze-path direction of
single cells recorded in the posterior parietal cortex of
monkeys performing a practically identical task (Crowe
et al. 2004). Remarkably, the average tuning function of
single voxels was very similar to that of single cells: in
both cases, signal intensity dropped to 50–60% of its
maximum at directions ±45 away from the preferred
direction (Fig. 6). In addition, the prevalence of directional tuning in the population with a signiﬁcant directional eﬀect in the ANOVA was very similar in both
cases, at 50% [i.e., 51% in this study (see above) and
280/529=53% in the single-cell study (Crowe et al.
2004)]. It is noteworthy that this tuning was not because
of passive visual or eye movement-related responses, as
evidenced by the results of appropriate visuosensory and
eye movement control tasks in the monkey (Crowe et al.
2004). It is also interesting that directional tuning was
observed in both experiments even though the mazepath directions were randomized in the single-cell
experiments but was blocked in the imaging experiments. The common property in both experiments is the
mental traversing of the maze path, and this is the most
likely explanation of the directional tuning.
The directional tuning of single voxels indicates that
the associated BOLD intensity very probably reﬂects
coherent, directionally selective synaptic activity of
spatially close neuronal ensembles; on the other hand,
the lack of tuning in a given voxel might suggest either a
true absence of tuning or, alternatively, locations of
transition in preferred directions, such that no coherent
directionality is detected by the BOLD signal. Be that as
it may, the direction of the maze path is obviously a
major factor inﬂuencing neuronal activity in posterior
parietal cortex, recorded directly electrophysiologically
or reﬂected in the BOLD signal. This is in accord
with the results of studies which demonstrated the
detrimental eﬀects of restricted lesions of the posterior
parietal cortex on route-following in monkeys (Petrides
and Iversen 1979).
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Fig. 7 Distribution of preferred
directions in the two
hemispheres in the form of
circular histograms. Scale is
relative frequency

The results of behavioral studies in human subjects
and monkeys (Crowe et al. 2000a, b; Chafee et al. 2002)
have suggested that the maze-solving task used in this
study involves mental traversing of the maze path. This is
a spatial–cognitive operation which is likely to involve
various subprocesses, including spatial attention, objectbased cognition, path integration, etc. Be that as it may, it
is a time-consuming process and is analogous to the
mental scanning of visual images (Kosslyn 1980). Indeed,
this mental traversing of the maze path was visualized
using the neuronal population vector (Crowe et al. 2000b)
which pointed in the direction of the presumed mental
traversing. Similarly, the neuronal population vector in
the current study also pointed in the direction of the
presumed mental traversing from the center outwards. As
far as we are aware, this is the ﬁrst time that the popu-

lation vector has been successfully applied to fMRI data
in general and to voxels in small locales in particular.
The congruence of neurophysiological and fMRI results with respect to both tuning and the population
vector reinforces the close correspondence between
electrophysiological and BOLD measures postulated on
other grounds (Logothetis et al. 2002). In addition, the
high signal-to-contrast ratio and higher spatial speciﬁcity aﬀorded by the high magnetic ﬁelds (Ugurbil et al.
2003) further validates the accuracy of the localization
of the eﬀects, and hence the directional mapping observed. Finally, it is noteworthy that practically identical
ﬁndings were obtained in preliminary studies using ultra-high magnetic ﬁeld (7 T) (Tzagarakis et al. 2003).
Functional layout of SPL

Fig. 8 Nearest neighbor plots for two opposite directions in all ﬁve
slices of a single subject. For this analysis, preferred directions were
binned to eight 45 intervals centered at 3 o’clock and every 45
thereafter. Given a speciﬁc voxel, the distance was calculated
between this voxel and its nearest voxel with (binned) preferred
direction in the direction of the white arrow (reference direction).
Colored areas indicate the SPL; the color variation, from light
yellow ﬁ red, corresponds to short ﬁ long distances, respectively.
Therefore, light yellow areas indicate high concentration of voxels
tuned to the reference direction, whereas dark red areas denote
absence of voxels tuned to the reference direction

The results of this study provide constraints for, and
suggest a possible functional organization of, the SPL.
The constraint comes from the ﬁnding that the average
intercluster distance between a particular direction and
all others was 3 mm. This indicates that voxels with
diverse preferred directions are close together, in a patch.
This is also evidenced by the good prediction of the mazepath direction yielded by the population vector calculated
within parts of the SPL. On the other hand, the average
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Fig. 9 Nearest-neighbor plots
for two diﬀerent opposite
directions in all ﬁve slices of the
same subject as in Fig. 8

same-direction nearest-neighbor intercluster distance was
13 mm, which is actually an estimate of the average
distance between nearest directional patches. Obviously,
the remaining voxels, in the patches in-between, are not
directionally tuned. Because 42% of all voxels were
directionally tuned, the percentage of non-tuned voxels is
58%. Overall, then, these ﬁndings support the hypothesis
of a patchy arrangement where patches of directionally

Fig. 10 Spatial distribution of directionally tuned voxels in a single
slice. Red and green are preferred directions at 3 and 9 o’clock
(±22.5), respectively; squares and circles refer to left and right
hemisphere, respectively

tuned voxels, containing voxels with diﬀerent preferred
directions, alternate with patches of non-tuned voxels.
Directional tuning in space has been a common func-

Fig. 11 Centers of clusters of preferred directions grouped in eight
bins in a single slice of the left hemisphere. Color codes for the
binned directions are indicated by the color wheel
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single-trial fMRI studies (Richter et al. 1997, 2000). Because mental tracing and mental rotation involve motion
in imagined space, it would be interesting to know whether the directionally tuned voxels identiﬁed in this study
would also show a signiﬁcant activation in mental rotation, or, whether the latter process is carried out by the
remainding (non-tuned) voxels. This remains to be
investigated. Of course, several other areas are involved
in maze solving/mental tracing, and the speciﬁc role of the
SPL among them must be assessed quantitatively in a
way, e.g., similar to that applied to mental rotation
(Tagaris et al. 1996, 1998) and memory scanning (Tagaris
et al. 1998).
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Fig. 12 The direction of the population vector computed from all
the data is plotted against the corresponding direction of the maze
path

tional property of neurons in the posterior parietal cortex
of monkeys with respect to various visuomotor tasks (see
Battaglia-Mayer et al. 2003, for a review), and dysfunction in this tuning has been proposed as a mechanism
underlying optical ataxia (Battaglia-Mayer and Caminiti
2002). On the cognitive side, a consistent and strong
involvement of SPL in mental rotation has been found in
various studies (Cohen et al. 1996; Tagaris et al. 1996,
1997, 1998; Alivisatos and Petrides 1997; Harris et al.
2000, 2003; Bestmann et al. 2002) and well documented in

Fig. 13 The average absolute angular error of the population
vector direction is plotted against the average number of voxels
used in the calculation. The radius of space (in mm) from which the
population vector was computed is also given above the abscissa
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